A fluorophore-labelled copper(II) complex, aquabis(dimethylformamide-O)-
Introduction
Transition-metal complexes having DNA interaction properties have attracted attention due to their potential applications, such as gene engineering, footprinting agents, sequence specific binding, structural probes and in drug development (Orvig & Abrams, 1999; Hambley, 2007; Liu et al., 2004; Steinreiber & Ward, 2008; Jiang et al., 2007; Pitié & Pratviel, 2010) . These complexes offer a wide range of reactivities/ properties due to their variable coordination number and geometries, available redox states, kinetic and thermodynamic properties and intrinsic properties of the metal ion and ligand itself. Cisplatin is one of the most widely used metal-based drugs in the treatment of various types of cancers (Boulikas & Vougiouka, 2003; Wong & Giandomenico, 1999; Jamieson & Lippard, 1999) and, although highly effective in the treatment of a variety of cancers, it possesses inherent limitations, such as serious side effects (Jung & Lippard, 2007) , general toxicity and acquired drug resistance (Jamieson & Lippard, 1999) . Because of these problems, considerable attempts have been made to develop alternative strategies based on different metals with improved pharmacological properties aimed at different targets (Bruijnincx & Sadler, 2008) . Researchers have tried various transition-metal complexes, viz. Ru II , Co II , Zn II , Ni II , Cu II , etc., of which copper complexes have shown encouraging perspectives (Santini et al., 2014; Tardito & Marchiò, 2009; Marzano et al., 2009; Tisato et al., 2010; Duncan & White, 2012) . Copper, being a bio-essential metal ion, may be less toxic to normal cells than to cancer cells; its complexes with tunable coordination geometries in a redox-active
Experimental
Dulbecco's Modified Eagle Medium (DMEM) was purchased from HiMedia Laboroteries Pvt. Ltd, Mumbai, India, and was used as received. 1,10-Phenanthroline-5,6-dione (phendione) was synthesized according to the literature procedure of Masaki et al. (1992) . All chemicals and solvents were purchased commercially and were used as received. Cu(ClO 4 ) 2 Á6H 2 O and calf-thymus DNA (CT-DNA) were purchased from SRL, Kolkata (India), and used as received. Quinoline-2-carbaldehyde was purchased from Sigma-Aldrich, Bangalore, India. 1 H NMR spectra were recorded on a Jeol ECX-400 spectrometer at room temperature. The IR spectra of solid samples dispersed in KBr were recorded on a Nicolet USA model-Nicolet 6700 FT-IR spectrometer. Microanalysis (C, H and N) was carried out with a Perki-nElmer 2400 series II analyzer. The absorption spectrum of the complex was measured on a Jasco V670 spectrophotometer and the emission spectra was measured on a Hitachi F-7000 at room temperature.
Synthesis and crystallization
2.1.1. Synthesis of 2-(quinolin-2-yl)-1,3-oxazolo[4,5-f]-[1,10]phenanthroline (qip). A mixture of quinoline-2-carbaldehyde (0.30 g, 1.91 mmol), 1,10-phenanthroline-5,6-dione (0.4 g, 1.91 mmol) and ammonium acetate (1.47 g, 19.1 mmol) in glacial acetic acid was refluxed for 4 h, then cooled to room temperature and diluted with cold water (30 ml). Addition of dilute aqueous ammonia gave a white product, which was collected by filtration and washed repeatedly with water. The crude product obtained was purified by recrystallization from methanol (yield: 495 mg, 75%). 1 H NMR (400 MHz, DMSO- 
To a solution of qip (0.2 g, 0.574 mmol) in DMF (5 ml) was added a solution of Cu(ClO 4 ) 2 Á6H 2 O (0.212 g, 0.574 mmol) in water (5 ml) with stirring. The solution immediately turned dark green and was stirred for 4 h at room temperature. The resulting solution was left to stand for slow evaporation at room temperature and single crystals of (I) were obtained after five weeks and collected by filtration (yield 0.320 g, 72%). Analysis calculated (%) for C 28 H 30 -Cl 2 CuN 6 O 13 : C 42.41, H 3.81, N 10.60%; found: C 42.32, H 3.85, N 10.47%. IR: 3440 (bt), 3055, 3008, 2928 found: C 42.32, H 3.85, N 10.47%. IR: 3440 (bt), 3055, 3008, , 1667 found: C 42.32, H 3.85, N 10.47%. IR: 3440 (bt), 3055, 3008, , 1614 found: C 42.32, H 3.85, N 10.47%. IR: 3440 (bt), 3055, 3008, , 1544 found: C 42.32, H 3.85, N 10.47%. IR: 3440 (bt), 3055, 3008, , 1520 found: C 42.32, H 3.85, N 10.47%. IR: 3440 (bt), 3055, 3008, , 1447 found: C 42.32, H 3.85, N 10.47%. IR: 3440 (bt), 3055, 3008, , 1143 found: C 42.32, H 3.85, N 10.47%. IR: 3440 (bt), 3055, 3008, , 1109 found: C 42.32, H 3.85, N 10.47%. IR: 3440 (bt), 3055, 3008, , 1080 
Refinement
Crystal data, data collection and structure refinement details are summarized in Table 1 . H-atom positions were calculated geometrically and refined using a riding model. The free and bound water molecules were refined as rigid groups and with U iso (H) = 1.5U eq (O). The perchlorate anion is disordered over two positions and was refined with fixed occupancies of 1 3 and 2 3 for Cl2/O6/O7/O8/O9 and Cl1/O10/O11/ O13/O14, respectively, along with various bond and displacement-parameter restraints.
DNA binding studies
The concentration of CT-DNA was calculated from its known extinction coefficient at 260 nm (6600 M À1 cm À1 ).
Ethidium bromide displacement assay
The apparent binding constant (K app ) of the complex was determined by competitive binding of (I) with ethidium bromide (EtBr) bound CT-DNA solution in phosphate buffer (pH 7.2). The changes in fluorescence intensities of EtBr (546 nm excitation) bound to DNA were monitored with an increasing concentration of (I). EtBr was non-emissive in phosphate buffer (pH 7.2) medium due to fluorescence quenching of the free EtBr by the solvent molecules. In the presence of DNA, EtBr showed enhanced emission intensity due to its intercalative binding to DNA. A competitive binding of the copper complex to CT-DNA resulted in the displacement of the bound EtBr, thus decreasing its emission intensity.
Emission titration
Emission titration experiments were carried out by the addition of an increasing concentration of DNA to the copper complex in the buffer. A typical concentration of metal complex used was 10 mM and [DNA]/[Cu] ratios were in the range 0-20. Before the measurement of the emission spectra, the DNA-complex solution was allowed to react for 15 min.
Cytotoxicity: cell-viability assay
The cell viability after appropriate treatment was determined with a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma Chemical Co.) assay (Chen et al., 2004) . Briefly, cells were plated (4000 cells/well per 0.2 ml DMEM medium) in 96-well microtiter plates and incubated overnight. Complex (I) was then added at indicated concentrations to quadruplicate wells. After a reaction time of 48 h, MTT was added to each well at a final volume of 0.5 mg ml À1 and the microplates were incubated at 310 K for 3 h. After that, the supernatant was removed, the formazan salt resulting from the reduction of MTT was solubilized in dimethyl sulfoxide (DMSO, Sigma Chemical Co.) and the absorbance was read at 570 nm using an automatic plate reader (Thermo Corporation). The cell viability was extrapolated from optical density (OD) 570 nm values and expressed as percent survival.
Fluorescence microscopy studies
Hela Cells were grown on sterile glass cover slips in a 35 mm tissue culture dish and incubated at 310 K under a 5% CO 2 atmosphere for 48 h. The culture medium was replaced with a medium containing a 10 mM concentration of complex (I). After incubation for 1 h, the cells were washed gently with PBS (3 Â 2 ml; PBS is phosphate buffered saline). After washing with PBS, the cover slips were mounted onto slides for the measurements. The images were taken in a Carl Zeiss Axio Scope A1 fluorescence microscope.
For DAPI costaining (DAPI is 4 0 ,6-diamidino-2-phenylindole), the cells were washed and incubated with a medium containing 10 mM complex (I) for 1 h at 310 K under 5% CO 2 . The cells were washed with PBS and cultured with a medium containing DAPI (1 mg ml À1 ) for another 5 min. Cell-imaging experiments were then performed after the cells were washed with PBS three times.
Results and discussion
3.1. Synthesis and characterization 2-(Quinolin-2-yl)-1,3-oxazolo[4,5-f][1,10]phenanthroline (qip) was synthesized by condensation of 1,10-phenanthroline-5,6dione with quinoline-2-carbaldehyde in the presence of ammonium acetate in glacial acetic acid. The crude product obtained was purified by column chromatography and characterized by IR, 1 H NMR and mass and elemental analyses. The corresponding copper complex was synthesized by reac-tion of copper perchlorate with qip in DMF in a 1:1 molar ratio (see Scheme 1). Complex (I) was characterized by IR spectroscopy, elemental analysis, UV-Visible spectroscopy and single-crystal X-ray structure determination.
Crystal structure
Single crystals of complex (I) suitable for X-ray diffraction were grown by slow evaporation of the complex in a DMF and water mixture at room temperature. Complex (I) crystallized in the monoclinic crystal system with the C2/c space group and the molecular structure is shown in Fig. 1 . The Cu II atom is sixcoordinated, with an N 2 O 4 donor set, forming a distorted octahedral geometry. The mean Cu-N distance is 2.00 (2) Å and the N-Cu-N bite angle is 82.09 (9) , which is similar to the values reported for similar copper complexes (Bhat et al., 2011; Onawumi et al., 2008) .
Cyclic hybrid water-perchlorate cluster in (I)
Recently, the recognition of hydrated forms of anions has attracted a great deal of attention due to their role in many chemical, environmental and biological processes (Chen et al., 2013; Mascal et al., 2006) . Inorganic anions are familiar in nature and take part in natural processes occurring in water (Ohmine & Saito, 1999; Ludwig, 2001 inorganic anions in nature and biological systems (Sodaye et al., 2006; Kumar et al., 2011) . Inorganic anion-water clusters remain relatively unexplored compared to the large number of reports on water clusters (Barbour et al., 1998; Moorthy et al., 2002; Dai et al., 2008; Jin et al., 2010 (Hedayetullah Mir & Vittal, 2008; Li et al., 2012) . Interestingly, the crystal structure packing of complex (I) contains extensive hydrogen-bonding interactions between the lattice water molecules and the perchlorate anions (Table 2) , leading to the formation of an anionic hybrid cyclic water-perchlorate cluster, i.e. the [(H 2 O) 2 (ClO 4 ) 2 ] 2À unit shown in Fig. 2 . Each anionic cyclic cluster is made up of two water molecules and two perchlorate anions, and is interconnected by hydrogen bonding with the cationic units. Anion-water clusters are stabilized by hydrogen bonding involving the coordinated water and perchlorate ligand of the cationic complex. Further intermolecular hydrogen bonding in the crystal packing leads to the formation of a nonpolar onedimensional water-perchlorate anionic channel, as shown in Fig. 3 . In the crystal packing of (I), the one-dimensional anionic hybrid water-perchlorate [(H 2 O) 2 (ClO 4 ) 2 ] 2À clusters occupy the free space between the hydrophobic arrays of the metal-organic part, with an interlayer separation of 11.22 Å . A spacefilling model of the packing (Fig. 3b) shows the waterchloride clusters along the b axis. Selected hydrogen-bonding parameters are given in Table 2 .
Photophysical properties
The absorption and emission spectra of (I) are given in Fig. 4 . The electronic spectrum of the complex recorded in DMF is dominated by high-energy bands in the region 220-350 nm attributed to !* transitions of the aromatic quinoline-containing nitrogen-donor ligand (Li et al., 2014;  The (a) absorption and (b) emission spectra of (I) in dimethylformamide. The excitation wavelength is 350 nm.
Figure 5
The effect of the addition of an increasing concentration of (I) on the emission intensity of the EtBr-bound CT-DNA phosphate buffer (pH 7.2); [EtBr] = 20 mM and [DNA] = 20 mM. The decrease in emission intensity from highest to lowest corresponds to successive addition of 0, 5, 10, 20, 30, 40, 60 and 100 mM of (I). Symmetry codes: (i) x; y À 1; z; (ii) Àx þ 3 2 ; Ày þ 1 2 ; Àz þ 1. Rajendiran et al., 2007) . Compound (I) is highly fluorescent (Fig. 4b) , with the emission centred around 430 nm. Interestingly, no quenching of the fluorescence is observed in water.
Ethidium bromide (EtBr) displacement assay
To study the DNA interaction properties of (I), a competitive binding assay was performed. For competitive binding studies, changes in the emission intensity of EtBr bound to DNA were monitored as a function of an increasing concentration of (I). Emission of EtBr in the buffer solution is completely quenched by solvent molecules (Dhar et al., 2005) , but it emits intensively in the presence of DNA due to the strong intercalative mode of binding with DNA (Meyer-Almes & Porschke, 1993). The enhanced fluorescence of EtBr bound to DNA can be quenched by the addition of another molecule (Baguley & Le Bret, 1984) ; this reduction in the emission intensity is via the replacement of a molecular fluorophore (Pasternack et al., 1991) . An appreciable decrease in fluorescence intensity was observed upon addition of (I) to the EtBr-DNA solution (Fig. 5) , which was due to intercalation of (I) with DNA by replacement of EtBr molecules bound to DNA. The apparent binding constant (K app ) has been calculated from equation (1) (Lee et al., 1993) ,
where K EtBr is 1 Â 10 7 M À1 and the concentration of EtBr is 20 mM; [Complex] represents the concentration of the complex causing a 50% reduction in the emission intensity of EtBr. The K app value for (I) is 2 Â 10 6 M À1 . The higher values of K app indicate that this complex binds strongly to DNA.
Emission titration
Changes in the emission spectra of complexes in the presence of DNA are a diagnostic means to determine DNA binding (Deshpande et al., 2009; Bhat et al., 2010; Pellegrini & Aldrich-Wright, 2003) . The changes in the steady-state emis-sion spectra of (I) with successive addition of CT-DNA (phosphate buffer pH 7.2) are shown in Fig. 6 .
Cytotoxicity studies
The in vitro cytotoxicity of complex (I) against the cancer cell line HeLa (cerevical) has been tested by MTT [3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay. Complex (I) exhibits significant cytotoxicity in a concentration-dependent manner (Fig. 7) . The percent cell viability of the HeLa cells in the presence of (I) was measured in the concentration range 10-60 mM, wherein the compound tested was found to be active at lower concentrations. The IC 50 value is 20AE0.08 mM for (I), which is similar to the value reported for [Cu 2 (1,4-tpbd)(DMSO) 2 (ClO 4 ) 2 ](OH) 2 Á6H 2 O and [Cu 2 -(1,4-tpbd)(OAC) 2 (ClO 4 ) 2 ]Á5H 2 O [1,4-tpbd is N,N,N 0 ,N 0 -tetrakis(pyridin-2-ylmethyl)benzene-1,4-diamine], with IC 50 values of 13.67 and 16.58 mM, respectively, against the HeLa cell line (Li et al., 2011) .
Cellular uptake and cellular localization studies
The cellular uptake of complex (I) was monitored using fluorescence microscopy because of its intrinsic fluorescence. One of the advantages of this complex for fluorescence microscopy is that there is no overlap between the absorption and emission spectra, since the overlap of spectra results in interference of the excitation light in the collection of the emission image, which decreases the image contrast. As shown in Fig. 8 
Figure 8
Fluorescence microscopy image of HeLa cells incubated (for 1 h) with Furthermore, to confirm the nuclear localization of the complex, a costaining experiment with commercially available nuclear staining DAPI was carried out. As shown in Fig. 9 , complete overlap of the DAPI and complex signals within the cells confirms the nuclear localization of the complex within the cells.
Figure 9
Fluorescence microscopy images of HeLa cells incubated (for 1 h) with 10 mM of (I) and the DNA-specific stain DAPI, shown (a) with (I), (b) with DAPI and (c) as an overlay image. 
Aquabis(dimethylformamide-κO)(perchlorato-κO)[2-(quinolin-2-yl)-1,3-oxazolo[4,5-f] [1,10]phenanthroline]copper(II) perchlorate monohydrate

Special details
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes.
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å 2 ) Symmetry codes: (i) x, y−1, z; (ii) −x+3/2, −y+1/2, −z+1.
